The pro-oxidant ability of aluminum is behind many of the potential toxic effects of this exogenous element in the human organism. Although the overall process is still far from being understood at the molecular level, the well known ability of aluminum to promote the Fenton reaction is mediated through the formation of stable aluminum-superoxide radical complexes. However, the properties of metal complexes are highly influenced by the speciation of the metal. In this paper, we investigate the effect that speciation could have on the pro-oxidant activity of aluminum. We choose citrate as a test case, because it is the main low-molecular-mass chelator of aluminum in blood serum, forming very stable aluminum-citrate complexes. The influence of citrate in the interaction of aluminum with the superoxide radical is investigated, determining how the formation of aluminum-citrate complexes affects the promotion of the Fenton reaction. The results indicate that citrate increases the stability of the aluminum-superoxide complexes through the formation of ternary compounds, and that the Fenton reaction is even more favorable when aluminum is chelated to citrate. Nevertheless, our results demonstrate that overall, citrate may prevent the pro-oxidant activity of aluminum: on one hand, in an excess of citrate, the formation of 1 : 2 aluminum-citrate complexes is expected. On the other hand, the chelation of iron by citrate makes the reduction of iron thermodynamically unfavorable. In summary, the results suggest that citrate can have both a promotion and protective role, depending on subtle factors, such as initial concentration, non-equilibrium behavior and the exchange rate of ligands in the first shell of the metals.
Introduction
Aluminum is the third most abundant element in the Earth's crust, but complex geochemical cycles prevent its solubilization from the lithosphere, [1] [2] [3] keeping this abundant metal out of essential biological cycles. Nevertheless, in the last century, aluminum has been extracted on a massive scale from the soil due to its favorable properties (easy to manipulate, cheap and good physicochemical properties) and a myriad of applications (food additives, pharmaceuticals, Al-containers, etc.). As a consequence, aluminum is nowadays present in the biosphere, and humans are highly exposed to this metal. 4, 5 Unfortunately, this is not without consequences, and this exposure to aluminum has been linked to various diseases, [6] [7] [8] [9] starting from early evidence of dialysis encephalopathy or osteodistrophy in patients with renal failure under dialysis treatment, 10, 11 to more recent evidence linking aluminum to several neurodegenerative diseases. 6, 8 The high charge and small volume of aluminum make this metal a strong Lewis acid, with high affinity towards oxygen-containing and negatively-charged functional groups, such as phosphates or carboxylic groups. Therefore, aluminum has the potential ability to form strong interactions with important biomolecules such as proteins, phospholipids, ATP, NADH, RNA, DNA, etc. 12 The pro-oxidant ability of aluminum is one of the main deleterious effects of aluminum, observed in both in vitro and in vivo experiments. 13, 14 This is a feature not expected for an element without a redox capability. 15, 16 It was first hypothesized 13, 15 that this pro-oxidant activity was due to the formation of a strong aluminum-superoxide complex, which leads to an increase of the lifetime of the superoxide radical species. In fact, Fukuzumi et al. reported a linear relationship between the strength of the metal-superoxide interaction and the oxidant activity of the metal. [17] [18] [19] Based on this hypothesis, we demonstrated 20 the possibility of the formation of an aluminum-superoxide complex in solution, departing from various aluminum hydrolytic species. Further calculations confirmed a Kimika Fakultatea, Euskal Herriko Unibertsitatea UPV/EHU, and Donostia that these aluminum-superoxide complexes may increase oxidative stress in biological environments by acting as promoting agents of the Fenton reaction 21 (see Fig. 1 ).
However, most of the aluminum present in the human organism is not free in solution, but forms stable complexes with low and high molecular mass biomolecules, and this could have a strong effect on the pro-oxidant activity of aluminum. Many attempts have been made to identify the molecules interacting with aluminum in biological systems. [22] [23] [24] [25] However, due to the complex chemistry of aluminum, its low total concentration, and the high risk of sample-contamination, the study of the speciation of aluminum is a complex task. 24 Nowadays, it is accepted that 90% of the aluminum found in the blood serum is bound to serum transferrin protein, while citrate is the main low molecular weight chelator. 26 Further, citrate has been identified as the main chelator of aluminum in brain extracellular fluid. 6 This behavior is not surprising as the molecular composition of citrate with three carboxylic groups and an alcohol group (shown in Fig. 1 ) provides high affinity towards Al(III). Interestingly, in previous studies, it was demonstrated that the formation of ternary complexes with citrate can enable a protective role with respect to some of the deleterious effects of aluminum. 27, 28 In the present study, our goal is to analyze how the interaction with citrate could alter (i) the possibility of the formation of aluminum-superoxide complexes and (ii) the possibility of reducing Fe(III) to Fe(II), promoting the Fenton reaction. To do so, we evaluate the binding energies of Al(III) to superoxide and citrate, and the reaction free energy of iron reduction from Fe(III) to Fe(II) in the presence of aluminum-superoxide radical binary species and aluminum-citrate-superoxide ternary species. To be consistent, we also consider the changes in the corresponding energies when citrate is bound to iron. The study describes a complex scenario that ultimately depends on the relative concentrations of each species. However, the results point in general to the protective role of citrate with respect to the pro-oxidant ability of aluminum, especially in high-citrate concentration regimes.
Methodology
All geometries were optimized in solution at two levels of theory using the B3LYP functional 29-32 and 6-31++g(d,p) basis set: B3LYP/6-31++g(d,p) and B3LYP-D3(BJ)/6-31++g(d,p). In the latter level of theory, the D3 version of Grimme's dispersion with Becke-Johnson damping is included. 33 To confirm that the optimized structures were real minima on the potential energy surfaces, frequency calculations were carried out at the same level of theory. All structures showed positive force constants for all the normal modes of vibration. The frequencies were then used to evaluate the zero-point vibrational energy (ZPVE) and the thermal (T = 298 K) vibrational corrections to the enthalpies and Gibbs free energies within the harmonic oscillator approximation. To calculate the entropy, the different contributions to the partition function were evaluated using the standard statistical mechanics expressions in the canonical ensemble and the harmonic oscillator and rigid rotor approximation. The solvent effect was introduced by using the self-consistent reaction field (SCRF) method with the polarized continuum model (PCM), using the integral equation formalism variant (IEFPCM). 34 Once the geometries were optimized at the two levels of theory stated above, the electronic energies were refined using the larger basis set 6-311++g(3df,2p) by two distinct single-point energy calculations: (a) using the same functional as that in the geometry optimization or (b) using the wB97XD hybrid functional with the dispersion correction included in it. 35 , where TZ = 6-311++g(3df,2p) and DZ = 6-31++g(d,p). All these calculations were carried out using the Gaussian 09 36 and 16 37 packages.
As in our previous study, we considered different hydrated models for the Al-Citr complex, where different numbers of water and hydroxide molecules were included. Departing from each of these models, the substitution reaction of a water molecule (eqn (1)) or a hydroxide (eqn (2)) by the superoxide to form an Al-Citr-O 2 complex was studied: where n and m are the number of water and hydroxide molecules, respectively. Note that in accordance with some test calculations carried out previously, 20 the small ligands (superoxide, water molecule and hydroxide) were micro-solvated with two explicit water molecules to improve their solvation energy. Moreover, citrate was considered completely deprotonated with a net charge of À4 (see below). The free energies in solution corresponding to these two reactions are calculated as:
or
The DG aq values were computed at the four levels of theory described above. All these values are presented in Tables 1-3, but since the overall trends are maintained, only the DG B3-D3 aq values are discussed throughout the body text.
For all the aluminum containing structures, we also calculated delocalization indices (DIs). These are a measure of the covariance between the population of two atoms A and B and, consequently, a measure of the number of electrons simultaneously fluctuating between these atoms, 38, 39 
where r xc (1,2) is the exchange-correlation density. 40 It can be taken as the number of electron pairs shared between atoms A and B, i.e., the bond order. 41 The AIMAll v11.08.23 program 42 was used to carry out the QTAIM analysis (which includes the characterization of DIs) on the previously optimized structures. Wavefunctions for QTAIM analysis were obtained at the B3LYP/6-311++g(3df,2p) level of theory using the IEFPCM solvation model.
Results and discussion

Incorporation of the O 2 superoxide radical
In our previous work, we investigated the incorporation of O 2 À into the first coordination shell of aluminum hydrolytic species. 20 In particular, the displacement of either a water molecule or a hydroxide from the first coordination shell was analyzed by evaluating the DG aq of one of the next reactions:
where eqn (5) implies the substitution of a water molecule by the superoxide anion, and eqn (6) implies the substitution of a hydroxide. The subscripts n and m refer to the number of water molecules and hydroxides present in the complexes. Note that these reactions are analogous to reactions (1) and (2), but without the presence of citrate. The results clearly indicated that the substitution of a water molecule by the superoxide radical anion was energetically favorable (data shown in Table 1 ), whereas the substitution of a hydroxide was unfavorable in all cases. Besides, we concluded that the charge of the complex is a contributing factor, as the larger the number of negatively charged hydroxides in the first coordination shell, the less negative the DG aq value for the displacement of water molecules by the superoxide radical. Now, we will analyze whether aluminum can form a stable complex with the superoxide radical anion in the presence of citrate, a ligand composed of three carboxylic groups and an alcohol group (see Fig. 1 ). Previously, pK a values of À14.5, À8.0, 0.6 and 3.6 were computed for the four titratable groups of an aluminum-bound citrate molecule, 43 which are in accordance with the two known experimental values, the two highest ones: 2.3 and 3.6. 23 Therefore, we assume that under physiological conditions, the Al(III)-bound citrate is fully deprotonated. Note that the pK a values of free citrate in solution (2.9, 4.3, 5.6 and 11.6/14.4) suggest a different protonation state, with the alcohol group protonated. 43 Different coordination modes between citrate and Al(III) were also compared, 43 concluding that citrate interacts in a tridentate manner with aluminum.
Different solvation models were considered for the aluminum-citrate complexes, varying in the number of water/ hydroxide molecules. In all of them, aluminum presents an octahedral arrangement, with three of the six first coordination shell positions occupied by citrate, and three of them available for water or hydroxide molecules. All possible combinations were taken into account, giving rise to a total of four structures Table 1 Reaction free energies in solution (in kcal mol À1 ) evaluated for the substitution of a water molecule (eqn (5)) or hydroxide (eqn (6)) located in the aluminum first coordination shell of aluminum hydrolytic species by the O 2 superoxide radical computed at the levels of theory described in the (see Fig. 2 ). In addition, our previous calculations demonstrated the importance of including the second solvation sphere explicitly in order to obtain reliable solvation energies, 44 therefore, ten water molecules were placed in the second coordination shell, mainly around the water/hydroxide molecules. All these structures are shown in Fig. 2 . We found that the substitution of a water molecule by the superoxide radical anion is thermodynamically favorable in solution, when at least two water molecules are found in the first coordination shell. complex is less endoergic, with a DG aq value of 4.1 kcal mol À1 . In summary, as in the case of the absence of citrate, the interaction of the superoxide with aluminum can lead to a thermodynamically favorable species, with negative formation energies, only in the case of the substitution of water molecules in the first-coordination shell around aluminum, whereas the substitution of hydroxides is highly unfavorable. As expected, the presence of other negatively-charged groups in the firstcoordination shell of aluminum leads to the less favorable formation of an aluminum-superoxide complex, both in binary and ternary compounds. In this sense, the presence of citrate, with a total charge of 4À, has a sizable effect on the substitution reactions. The addition of a more negative charge by the incorporation of a superoxide radical is energetically less Table 2 Reaction free energies in solution (in kcal mol À1 ) evaluated for the substitution of a water molecule (eqn (1)) or a hydroxide ion (eqn (2)) located in the aluminum first coordination shell of Al-Citr complexes by the O 2 superoxide radical (structures shown in Fig. 2 favorable than that in the absence of citrate. For instance, in the absence of citrate, the exchange of a water molecule with the superoxide shows a value of DG aq of À19.5 kcal mol À1 , while the same reaction in the presence of citrate shows a value of À4.0 kcal mol À1 . However, although the binding of aluminum to citrate makes less favorable the interaction of the metal with the superoxide, the formation of a ternary aluminum-citratesuperoxide complex is still thermodynamically favorable, and therefore a ternary complex of this kind could also take part in the promotion of the Fenton reaction. In the next section, we evaluate how the inclusion of citrate influences the thermodynamics of the resultant redox reaction.
Fenton reaction
Previously, 21 it was shown that an aluminum-superoxide complex could thermodynamically promote the Fenton reaction by reducing Fe(III) (sextuplet spin state) to Fe(II) (pentuplet spin state) through the following redox reaction:
Fe 3+ + [AlO 2 ] 2+ -Fe 2+ + Al 3+ + O 2 (7) As shown in Table 3 , this reaction is thermodynamically favorable with a DG aq value of À30.5 kcal mol À1 when the superoxide is forming the and À32.4 kcal mol À1 , respectively. Note that the reaction is significantly less exothermic than when O 2 does not interact with Al(III) (À50.0 kcal mol À1 , see Table 3 ). Nevertheless, the formation of a stable Al(III)-O 2 complex may increase the lifetime of O 2 , 15 a very reactive species, which ultimately favors the Fenton reaction. 20 Now, we analyze the effect in the thermodynamics of the redox reaction caused by the coordination of citrate to aluminum ( 10 ] 3À complex is taken as the reference. Thus, the formation of a ternary aluminum-citratesuperoxide complex favors the redox reaction that reduces Fe(III) to Fe(II). In this sense, the presence of citrate would enhance the ability of aluminum to promote the Fenton reaction. The reason for this behavior is that the presence of a highly-negative charged citrate in the coordination shell of aluminum makes the loss of an electron in the superoxide, and therefore a reduction of its negative charge, more likely. However, citrate is not only a good chelator for aluminum in biological systems, but also a good chelator of Fe(III). In fact, the binding free energy of citrate to Fe(III) is À133 kcal mol À1 , 10 kcal mol À1 more stable than the one for aluminum. Therefore, we also investigated the possibility of iron reduction with complexes in which iron is also chelated to citrate. We consider two possibilities: (i) reduction of Fe(III)-citrate to Fe(II)-citrate by an aluminum-superoxide binary species and (ii) the reduction of Fe(III)-citrate to Fe(II)-citrate by an aluminumcitrate-superoxide ternary complex. In both cases and for all the complexes considered, the redox reaction is thermodynamically unfavorable. For instance, in the case that both iron and aluminum are chelated by citrate, the DG aq value of the redox reaction 7 is +7.0 kcal mol À1 10 ] 3À . Therefore, the high stabilization of Fe(III) by citrate is a dominant factor with respect to the loss of an electron by the superoxide and stabilization of the aluminum-citrate complex. Thus, the chelation of iron by citrate has a protective effect with respect to the generation of Fe(II), and it promotes the Fenton reaction.
Overall, from our calculations, a complex picture emerges of the role of citrate in the thermodynamic promotion/inhibition of aluminum pro-oxidant activity, which is summarized in the scheme of Fig. 3 . Aluminum hydrolytic species can form stable complexes with the superoxide, leading to stable binary aluminum-superoxide and ternary aluminum-citrate-superoxide complexes. Both types of complex have the ability to reduce Fe(III) to Fe(II) from a thermodynamic point of view. Moreover, the presence of citrate in ternary complexes promotes the loss of an electron from the superoxide, thus, increasing the iron-reduction ability of the aluminum ternary complexes with respect to the binary ones. However, if iron is also chelated to citrate, the possibility of iron reduction is compromised, leading in all cases to endothermic redox reactions. Finally, we should also take into account that in an excess of citrate and on formation of the [Al-Citr 2 ] complex, in which all the coordination positions of aluminum are occupied by citrate, there would be no possibility of stabilization of superoxide by aluminum, and therefore, no possibility to reduce iron from the thermodynamic point of view. Therefore, a complex overall picture emerges from these calculations, in which depending on the type of complex formed (binary/ternary), and the relative concentrations of citrate/aluminum/iron, one could observe the promotion or inhibition of the pro-oxidant activity of aluminum. In addition, the reactions of oligonuclear and/or mixed hydroxo complexes of Al(III) can be extremely slow, resulting in long-lived nonequilibrium states of Al(III)-ligand complexes, 26, 45 which, in the present context, could imply that aluminum could exert its pro-oxidant activity from the ternary species characterized in this work, even under conditions in which there is an excess of citrate. 4 ] À ). In all cases, the structures consider a double layer of explicit waters around aluminum, embedded in an implicit solvation model. The results are summarized in Fig. 4 and in Table 4 . Delocalization indices (DIs) are a measure of the degree of electron sharing between two atoms (see the Methodology section). Although Al-O bonds are mainly electrostatic in nature, there are also important dative interactions 46 from the lone pair of the oxygens to the formally vacant 3s and 3p orbitals of Al(III). For functional groups/ligands of similar charge, like in the case of hydroxide, alkoxide, carboxylate and superoxide, the analysis of DIs can help in the rationalization of the specific aluminum-binding affinities of the different oxygen donors. Among the 17 structures analyzed, we find a consistent pattern with the DI decreasing in the following order: Al-OH À 4Al-CO À 4 Al-COO À 4 Al-O 2 À 4 Al-H 2 O.
Delocalization indices and ligand affinity
There are several aspects to highlight in the following trends, which allows for a clear rationalization of the ligand affinities described in the previous sections. The DI for Al-O 2 À bonds are the lowest among the charged ligands/groups but higher than that for water. This is in agreement with the favorable substitution of a water molecule by superoxide, and the unfavorable substitution of a charged ligand like hydroxide characterized in our previous work 20 and shown in Table 1 .
On the other hand, the highest Al-O delocalization indices correspond to the interaction of aluminum with hydroxides, with alkoxide having similar but smaller values. This is in agreement with the fact that hydrogen being less electronegative than carbon, makes OH À a better Lewis base than alkoxide. However, the DIs for carboxylate groups are substantially lower, due to the resonance of the -COO À moiety, which leads to a less dative oxygen. Finally, considering the superoxide, the higher electronegativity of oxygen compared to carbon and hydrogen makes O 2 À the poorest Lewis base among the charged functional groups/ligands of the present work. We should also remark that the strong Al-OH À interaction characterized in our structures is in agreement with the inherent stability of hydroxides at the first solvation layer around aluminum. 47 Moreover, the presence of hydroxides has a sizable effect on the strength of the rest of the Al-O bonds with other ligands and functional groups, leading to a weakening of the rest of the Al-O bonds, and therefore, a lowering of their DIs. This is also in agreement with the known fact that the presence of hydroxides leads to a depleting of the toxicity of aluminum, by hindering the direct interaction of aluminum with bioligands. This leads to a low toxicity of aluminum at neutral pH values at the limit of chemical equilibrium, i.e., when all the aluminum is in the [Al(OH)] 4 À form. However, as Exley et al. 26 has established, one should always bear in mind that non-equilibrium aluminum species could be highly relevant in the biological effects of this metal. Finally, when we compare similar structures in the presence or in the absence of citrate, we encounter the fact that the presence of citrate leads consistently to lower DIs for aluminumsuperoxide bonds, in agreement with the lower affinity for superoxide displayed by aluminum-citrate complexes with respect to aluminum hydrolytic species. However, the DI of superoxide is still higher than the ones of water, and therefore the displacement of a water molecule by a O 2 À remains favorable. This decrease in aluminum-superoxide interaction in the presence of citrate also explains the fact that the aluminum-citrate-superoxide ternary complex is a better reductant than an aluminum-superoxide binary complex, since the loss of an electron and therefore the loss of an aluminumsuperoxide interaction is energetically less unfavorable for the former than for the latter. Similar conclusions can be reached based on the analysis of the Mulliken spin densities (r) at the two oxygen atoms of the O 2 molecule. It should be pointed out that the spin densities computed based on the Mulliken atom partition are physically unsound, but they can be useful to determine qualitatively where the radical character is located and to describe trends in similar structures. The spin densities at the two oxygen atoms of O 2 are shown in 0.6723 and 0.3164. So, the sum of these two values is approximately 1, but the spin density is mainly located at the O atom not interacting with Al(III). In other words, the molecule is highly polarized by the cation. However, the r values computed on other structures show that: (1) the inclusion of OH À radicals in the Al(III) first coordination shell leads to a small but consistent decrease of the polarization, and (2) this effect is more effective when Al(III) interacts with citrate.
Conclusions
We have presented a thorough computational study on the influence of citrate, the main low-molecular-mass chelator of aluminum, on the pro-oxidant activity of this metal. We have found that from the thermodynamic point of view, stable ternary aluminum-citrate-superoxide complexes can be formed in aqueous solution, which can in turn promote the Fenton reaction by reducing Fe(III) to Fe(II). The presence of citrate has a two-fold effect: (i) it reduces the affinity of aluminum towards the superoxide, although it is still thermodynamically favorable to form aluminum-citrate-superoxide compounds, and (ii) thermodynamically, it favors the redox reaction in which iron is reduced from Fe(III) to Fe(II). However, we also found that citrate has a protective role in two ways: (i) if iron is linked to citrate, the Fe(III) oxidation state is highly stabilized, and the reduction of iron is no longer thermodynamically favorable, irrespective of whether we depart from an aluminum-superoxide binary complex or an aluminumsuperoxide-citrate ternary one; and (ii) in an excess of citrate, the formation of very stable 1 : 2 aluminum-citrate compounds is predicted to thermodynamically outcompete the formation of aluminum-superoxide-citrate complexes. In conclusion, we would like to remark that the use of delocalization indices, and in general of the QTAIM theory, is a powerful tool for the clear and full rationalization of the observed trends in complex stability, allowing us to establish an order of affinity of aluminum towards the different functional groups/ligands analyzed in the present work: Al-OH À 4Al-CO À 4 Al-COO À 4 Al-O 2 À 4 Al-H 2 O.
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